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QITQOV wet 


A conventional wick employs surface tension to raise 
fluids égainst gravity and is used in applications where 
Omly small flow retes are required. The wick is extremely 
simole and reliable and requires no externel Source of 
power. An example of current interest where a conver- 
bronal wick is applied is in the liguid return path of a 
heat pipe. Heat pipes are used in many epplicetions where 
large quantities of heat must be removed from a confined 
Space, Examples include heet transfer from the core of 
peuuclear reactor, the cooling of large electronic tubes 
and semiconductor components, and heat removal from tréens- 
imermeraw, Heat is picked up by the working fluid of the heet 
pipe ss letent heat of vaporizetion when the liquié evepo- 
rates and is convected along with the vapor until the liquid 
condenses in the condensor section end the heat is rejected 
to some heat sink. The liquid must then be returned to the 
eveporator in order thet the cycle be continuously repeated 
end this is usually eccaomplished with a conventionsl wick. 
Using this vrocess, heat fluxes can be achieved which are 
much higher than those possible by conduction through a 
metellic conductor with the same temperature difference 
Pownvech une miles Source and sink. The Limitations uoon 


heet trensfer rate which can be achieved with ae heat pipe 





fell into two ereas: first, the flow rete of the liquid re- 
turning from the condensor to the evaporator is limited if a 
conventionel wick is used as the return mechanism; second, 
the heat flux in the eveéporator is limited beceuse of ene 
vapor film which forms at the liquid-metel interface and acts 
as an insuletor to increased heat flux, 

Limitations on flow rate in the conventional wick 
occur because of the competing effects of surface tension 
and viscous drag. Liquid will rise through the pores of the 
Pier wcll une Surface tension force at the liquid surface 
Balences the gravitionsl body force on the liquid in the pore. 
To increase the potential heighth to which the liquid can be 
raised, the average pore diemeter of the wick must be de- 
creased to incresse the retio of liquid-solid interface to 
cross sectional area. As the fluid begins to flow the sur- 
face tension forces must compete with another pressure loss 
mew to VISCOUS drag. SVIiscomws Gragg increases as the diameter 
Meee eerecs e£rcC OcConrecosc&,  Melnce 1Or a piven nelenen te 
Mach tne luld must be roised, there is a limited flow rate 
mawehn cen be real ied, 

An increase in Liquid flow rate by using an independent 
pumping mechanism could provide an increase in the heat 
beensiecr GCepability of es heat pipe. However one of the 
ettractions of the conventionel heat pipve is thet the wick 
oumping does not require an independent energy source &énd is 


meniy reliable, Bus if the energy source used for pumping 
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Sue ceciece@mceuUceaste Nelo Overcome the cther lLimitetion on 
times Diem o Ia @rmence wai.c. the maximum heat {lux due to 
fiimecollineein the evanporaver ond cendensaticn in the ¢con= 
densor, improvement of the toteél performance of the heet pipe 
becomes sn attractive possibility. | 

There hss been investigation of improvement in evapore-— 
ELON end condensation heat flux by using electric fields to 
@ause the vepor film to become unsteble and break ewey from 
the metal boiler or condensor surféece. This requires & high 
voltage scurce end suggests that if such & scheme could be 
pe Jean lO pee neabwel e,we miaturalesercasof investigation 
bewerd improvement of the total heat pipe performence vould 
Me eeomuSemoet clectriceiiclas to provide the pumping force 
fier the working Liquid< 

MicmuUccmOtmcloCcOmceitele@sminspumping of P4quids @an tare 
muvonvage Of elther dlelectropharetic force where the force 
femme rpendicular to sthe electric fleld direction, oar the body 
force on the fluid due to the icn dreg phenomenon where the 
aerce 1s linethe direction of the applied field. In either 
Gase the Jjluia must be a& gsod insulator and should resist 
electrical breakdown as well gs possible because the forces 
ew-rued increase as tre field increzeses. A fluid satisfying 
these requirements is freon 113 which is used widely as a 
Meat transicr eeent. 


Tima Osean mabe Gl eabne pumbingemcchanism for thewheaet 





Pipe sapplLicevten are these: 

(1) It'must be possible to achieve high flow rates re- 

lative to those possible with a conventional wick. 

(2) It must be possible to raise the liquid to an| 

eroitrany Nnetentn in -e pravitational field or to 
NOVMencnGmm@uaGd against adverse accelerations such 
ecmmalose Cncoumeeneca in a space application. 

(3) The pumping mechanism must be highly reliable. 

(4) Simplicity and esse of fabrication ere necessary 

it ites tomeompeve with a Conventional wick, 

Une Vuse "era e Leectrepnorccic force for pumping =falls von 
the second requirement above. The maximum pressure which can 
bemeencracred at the interfece of a Liquid is aCe te where 
€ 4s the permittivity of the liquid end €, is the permit- 
UL CT ele spice oa cecnueto theeliquid surface. For 
freon this pressure represents less then 6 centimeters head 
for the maximum field which can be tolerated without elect- 
rical breakdown. In addition no convenient method of stag- 
PCIe Dino tS evallanole-shence Che pressure rise achicv— 
ed in separate stages cannot be added. Thus the maximum 
Vertical dimension ef a heat pipe using this method of pump- 
ing would be less than 6 centimeters if the condensor were 
Lecaved below tne evaporator. Such a limitation would not 
be imposed in a space application but the adverse accelera- 
tlons under which the pipe coule operate would be limited: 


The remaining nossibility for application of electrical 
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pumping is thet of the ion drag phenomenon. MInvestigetion 
of this phenomenon has been mede most recently by Stuetzer 
(1,2,3) and Pickard, §5) A practicel pump has been suggest- 
ed and petented by the former and has been used to achieve 
high pressure rised in the fluids investigated. However the 
geometries used are quite difficult to fabricate especially 
in the numbers that would be required for the hest pine wick 
epoplication. In fact the requirement of this application is 
to achieve high flovw rates; pressures need be only high 
enough to lift the liquid to the next stage of the pump. 
Therefore a simple geometry for ion drag pumping which per- 
mits high flow rates and adquate pressures is the basic re- 
quirement of this application. Proposal and investigation 
Of such a geometry is the subject of this thesis. 
fiemaonsanegenenomecnon can be characterized as follows: 
MEOOGYerorce Can Degexerved onean ansula¢ing fluid if charged 
Poarticheasim the filmiiem@ore pulled along byoan electric fielc. 
The particles transfer momentum to the fluid through friction 
es they move under the influence of the electric ficla, and 
empressure gredient is génerated in the fluid which results 
imea Dumping motton if the fiuic is permitted to moves The 
magnitude of the pressure which can be realized is limited 
by the electrical breakdovn strength of the fluid. A typi- 
c@l arrangement is one in which two electrodes are used, one 
became Hiogamt JHtyvnien corons discharge produces the nec- 


essary Caereed particles and the other electrode being more 
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blunt so that few charged particles are produced there. 

When a sufficiently high voltage is placed between the elect- 
Rojee, a Phessule —ragdient 1S generated and pumping of the 
fluid will usuglly occur from the point to the blunt elect- 
rode if the flow geometry permits. In order to produce 
pressures large enough to be of interest, it’-is necessary to 
mrovice lateral poundries of insulating material between the 
electrodes to insure that most of the charged particles flow 
iieGie Gesiread direction of pumping. 

Because of the reduirement for lateral boundries in the 
ion crag pump the physical size of &@ single pump is usually 
quite sms8ll and therefore the flow rate which can be real- 
ized is not large. In addition, the physical geometry of 
the pump provices a large hydrodynamic resistance factor 
more produces @ pressure Toss cepending upon the flow rate, 
As the flow rate increases the point at which the pressure 
loss exceeds the generated pressure is soon reached. 

Mimewieh vOwtKempracy recuse Of Mon Greg pumps Ter tne 
Wier aoplicativon to a Neat pire, it is neccessary that one be 
able to fabricate large numbers of these pumps in parallel to 
achieve the necessary flow rates. AlSo since we must sacri- 
grce 2 large percentage of genereted pressure to hydrodynamic 
losses in the pump itself, an arrangement for placing the 
Poigasbleleq irrey so vol pumps in Series is necessary. Since tie 
Wifecurvomme LO Use the entire arrangement as a@ uick, the re- 


sultant pressure from each stage need be only sligntly great- 








er than necessary to raise the fluid vertically through the 
pump Ccimension and to the next stege. Therefore @ geometry 
will be sought which maxumizes flow rate while maintaining 
sufficient pressure to operate as a wick. 

Piiwenwile  ObNiceuves GO! provision for parallel and 
Series operetion must be achieved with @ geemetry which can 
be easily fabricated and whose dimensions may be easily ad- 
jJusted to echieve the desired tradeoff between pressure end 
flow rate. 

The possible application of an electronydrodynamic wick 
satisfying the given requirements is not limited to heat 
mepes. however Jt was this application which provided the 
motivation for study. Another possible applicaetion would be 
to provide motion of the oil inside transformers thus elin- 
mating hot spovs, Tom Jones hes used the configuration pre- 
sented in tnis thesis in a wall-less pipe. 7) 

The ion drag pumping of liquids has been observed for 
many years but little epplication has been made of the phe- 
nomonen, With the wick application to heat pipes in mind, 
the goal of this investigation has been to develop a ccon- 
figuration so simple it could be made and used by anyone 
having requirement for 4 similer pumping device, and to 
determine the churacteristics of tne device sufficiently 
well that a systematic design cén be made for any required 


application. 





CHAPTER I 


PURE Ge@veletes 





— 





PunpeGeomerriecs Investiceted 


Theweecometay sinvesvigated in most experiments reported 
by Stuetzer (1) Pas UlaleOrmeasmoO1mt tO ring £5 Shoyn in ft eeure 
f= |, GOrona disecharze at the point electrode produces free 
etree sv nich AS pulled Torard The ring electroce and the 
fc s Cumpeac Ln the direetion shown. een pressure rises 
in the fluid can be realized across tne pump. The disadvan- 
Mote sol slic SC@melrrey 2@e5that iabrication of many of these 
Dimes TS cifficult because point electrodes must be placed 
eo dene eiamnel el a precise Gistvaence from the ring. im 
Zoot hon. une 2 OlNy GlLeCLrode and Vos Support provides an 
poC41 biome! nmyarogynamic resistance to the flow. ‘his is 
sie miiicant for the present application becuuse the object 
is to operate at lov pressure rise ind hixzn flow retes. 

MewecOnetty  Uusea, Dy wick wine mas LNVeSsltig@ati1on was 
MascueOr suwO SridS Of thin wire ~cross the cnannel as Snoyn 
merle Ane ihc maate ClleccClmcen be aChieved DY USine Wire 
Se coms.  ~Enhese offer hydrodynamic resistance to the flov; in 
oObratmeeiro ser SCreeml fine enOuem LO act 2S & Corona emit— 
ter 1s easily broken and tee seroor eat (ON Git tVeuly, 

Seder eceomebries were investigated including the 
Secon i re LO eirecommenretion Shem 2 oem on 
Hoku neo wCraGee them mroaniced near Fhe thin wire and tne 
CVMiGmomelipe | tolctombiemrine Glectrodc, ois Zeqneury 2s 
Peo emevomiib@nectlesbacm tme DOING CTO ring Since tne same 
wire can be placed écross the channels of adjacent pumos in 


co 





poisdivel wa oONncver Uie electric field configuration is not 
Sytlemric about the channel axis being stronger at the sides 
near the wire and weaker 90 degrees from this point around 
Picmenaninc wet rOulam1oneo) the Iluid between the electrodes 


occurs before the pressure developed is as high es desired. 
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ed 





insulating 


point boundry 
1 lac: 





eral ring 


electrode 


Point to Ring Geometry 


Figure J-1 


eu 


Wear Gee d 
electroces 


Grid VWectrede Geomeury 


Figure [-2 
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Mime conwume Geometry 
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Proposec Pump Geometry 


The pump geometry which was selected and tested is gs 
shown in figure I-4. It consists simply of two thin metal 
plates with a sheet of plexiglas sandwiched betveen. To make 
the pump, a hole is drilled through the metal plexiglas 
sendwich. As the drill bit emerges from the first brass 
Sifeet “ena enters the plexiglas, a@ burr or projecting sharp 
eaee 1S formed, iim freon, testing has shown that this is 
Mier c 1eNtemeomproduce bie necessary tree charge as Lons 
within the liquid. The channel through the plexiglas dir- 
ects the ions such that their motion toward the other elect- 
rode causes a pressure to be built up between points (A) and 
(8B) in figure I-4, The electrodes are secured to the plexi- 
MmtctcmuctOre the NOle ic Crilited so thal the pump need not be 
ne ier ncamarter Critic. ime extreme simplicity of “the 
geometry makes it easy to produce pumps with a veriety of 
electrode spacings (by changing the hole size). By doing so 
mens DOSSibile Lo cetermine optimum dimensions to vrocuce the 
Mest Deorlormeance tum Tespeey CO Pressure and Tlow rave. 

Pac (tet Overabionmot pulps 1s casily mroduced “oy Graiat-— 
ing several holes as shown in figure I-5. The possible 
interaction of pumps vihich might degrade performéence was in- 
vestigated to determine if e@ minimum spacing of the vumps is 
required. It was elso necessary to determine if slight 
differences in electrode edges would degrade the oversil per- 


formance of the entire array. 





The series arrangement is shown in figure I-6. It con- 
sists of several layers of the psrellel arrays, The regions 
between the arrays are reservoirs for the liouid. On either 
side of these reservoirs are exposed electrodes of opposite 
volarity and placed such thet they would cause a loss in 
Pees ainen se Onoewere piled across this space in opposition 
Memune ccs eed 1 bog sd recuion, However, since there ere con-— 
MGbuecuing boundries as there are in the pump region, little 
loss was observed, Jn any case, such loss can be decreased 
by increasing the spacing between punp arrays, 

One difficultity with the given pump geometry is that 
teers note C€acy to analyze mathematically. It does not fall 
PxaCtLy INtO envy sOneUnemvarce Calorories eanulyzed by StUvetzer, 
hy Hem Dla de we CVC nd Loci Or spiel Ca ie Che emLete: 
PcCUrode  1SeNOG G2 Dadnes suriece, 42 polnt, or a straveng 
mene but a rine at one end of the cyclinder. Therefore it 
mS necessary to base the anelytical model on an approximete 
peometry. Experimental study of the actual pump was used to 
determine wnat adjustments viere necessary to the matnmatical 
Hocel. 2m order to 1 reasonable predictions of performance 
wo Oe used in desipnmousprescuicel wick arrays for a specitiic 


spp illcat ony 
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©) view 
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Figure I-4 
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Array of pumps in purallel 


Figure I-5 
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Pump €rrays in series 


Figure T-6 
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Stetic Pressure Generation 


Tne static model for the ion drag cevice relates the 
externel fluid pressure generated with the applied voltage 
Sue cmenc UcevVice Will be driven by a constant voltage d.c: 
Seoumec,  Iineweeemnslry=ezpleined in chapter 1 is complicated 
to model analytically. Therefore development of the model 
will be done as follows. *«xperiments have shown thet for a 
perticular set of pump dimensions the pressure-voltage 
dependence can be modeled by &@ space charge limited current 
end tne problem can be solved if a simple geometry is chosen 
Es done by Stuetzer!1), Tnis theory is then modified to 
account for the observed performance of the proposed pump 
SeOmetry. LAveriment has elso Ehcxwn that there is & dépend- 
ence Of Benecratea SESticC pressure upon the transverse 
dimensions of the pnump,. This cdependence was investigated 
experimentally to determine cptimum dimensions for wick 


aoplication, 


i 





Qne Dimensional Static Model pu 


A one dimensional model &sS shown eo _ 
/ 


£ 
(A) uc, fa 8D) 
in figure JI-1l will be assumed. The ———t______________|___ 
ae xy 
charged particles enter the fluid at Figure II-l 


ime e Le CuLroge EL marae removed from 
the fluid at electrode Boe THeCLe orem uneeCchanpe Telaxac. on 
time of the liquid must be grester than the transient time 
of the particles between electrodes, The electric field 
seen by the verticles will be the macroscopic field of the 
system end individual particles will not influence one 
another. The licguid will avpesr as a continuum to the 
ToVwNomubart icles, Ul io aosumMea Unat omly one tyne of charged 
particle is present. This ca&én be realized if the electrodes 
Puc eNol Symmetrical or af the fimid exhibits a@ strone tend— 
ency to vroduce only one type ion in & corone discherge. 
mme electrical force on & particle will be 

F p ey 
THe Gcmtame ne De re ele sChioamec ond is 1S the local’ {1e€ha vet 
macwParulcley. “The viscous force exerted om the particle by 
the fluid is provortetional WOmune VelocClyy ot UNG sparc cle 
relative to the stetionary fluid 

ae vay, 
ite wiakLiere MVC UOGiUwecCan be expressed in terms of the 


electric field since the viscous ané electricel forces must 


balance in steedy motion 
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Ew (re a eee 


Conia. Y an 
The Quantity b is called the mobility and will be assumed 
independent of the field. If the fluid is stationsry ond 
Puree wcuntusion Is nmeplected the current then cen be ex- 
pressed as 

G= Pv = (bE | ; ole 
where @ is the charge density and g is the current density. 
The totel body force exerted on View burs per Ut taVvOLUMe as 
fe total electric force 
ere 

meee tne Fluid Maenot in motion tnere ere no inertial or 
Mmrsecous ferces and the boay force must be balanced by a 
mreeocoure 2radient. 
| Ee = Yep (2) 
pei acce Cllarees on tne Cimveumierence of the channel «will be 
Pere cciuctw memes Phen charze Gdensityv ana the electric {i1etd 
fei be uUnivorm across tne channel] and the electric fiela 


will heve only an x component. Gauss's Law is then written 


et (3) 


Ge = G 
pemermdc  CLECUrINGC T1ClGdia dg relaped to the voltage through 


a 
Ge = -E (4) 
Bubstitute (3) into (1) 
ge LE 
4; = £ a x 


end integsrete from Z=0o to x and £= Ze to F 


op x ~ era) 


mS 





or 
EG) = (+4 = =e £,* ) Ya, e 
5 


ie (6) 
C(x) = (232 a ~~ Yo. 
EOurimG Db Inveprate from x%=o0, x~and p= 0 to p 
Zp 
We = CE = 2 
p> GF (7) 


To introduce voltage integrate eq. (5) using eq. (4)} 


Ga 2Gx ae 


aK 


U = £5 
34 Zo + £,7)% 
re 2 Va 
le) 


Peeci sic tmittver ASSUumMLTicon 
fies Mov vase ined thay Ae — CO, This assumption will 
Demdmoolaced slater. — Then 
p= 7 6 () (8) 
EFauetion (8) shows that the pressure difference be- 
tween points (A) and (B) in figure JII-1 is independent of 


the leteral dimension of the channel. This is because the 


Bspcce Charge 1s uniformly distributed across the cnannel and 


Mio tenomemiOmi lela cCommonents oeCrpendicular to the x Gdinecr— 


10on }¥ 
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Compsrison of cquetion (&) to the result obtained by 
Stuetzer oD for a spherical (point to ring) geometry shovis 
mew for &@ jixed set of pump dimensions, the relationsnips 
Penitcien oy (OMemancOneucii.. o1mCe 42N €xXEect reletionshinp 
Bonnet De @btained for the geometry proposed in chapter I, 


a reélationshin of the following form is assumed; 
eV 
P= CEE) 
Paere tme Velue Of C As to be determined by experiment. 


i tetuemot pressumeshead = CE eal 
8 
o i) 


Pere lo wie seed ceveloped Scross the vump. Here the 
Poleaee U’ IS thewdiiterence between the e@pplied voltage 
and a "cut in voltage" usuelly token es the mininun 
Moluaee Mecessary CO proguce unmipoler ionic conduction. 

Mice pendence, Oteprescure proportational to voltage 
eauared 1s aeresult of the boundry condition essumption that 
Mmicmeleecrulie T1elG "ap the emitter is zero. Figure Ii=2 
Shaws a plot of pressure heud develoved across @ pump as 
Be UnGct LON Of 7. item Gono 1S tyo1cal 
Beremosy Dumps Investieeted im the region of voltage where 
mie Dumps Sre to be overated. Breeks have been observed 
ioeunece pl@ts Dun these Will be discussed more in chapter 
Vis 

ies wetine Tor Co anweanatbion (9) is detersineac froma 


PROUlNSUGHecs a eure Tl=2 from the equation 


ZL 





2 2 Lh 10 
oo ee ae ds (10) 
ie temo wiSmibnvemelectrode spacing in millimeters, 7v~is the 


slope of the pressure-voltage squared plot in 
centimeters/(kilovolt)*. 

The value cf C depends upon the diameter of the hole 
Paice nc SiZemot soUurr sprocuced in drilling. ‘Hoviever, 1G “Hes 
been found thet for most pumps with spacers of 1/16 inch 
ero noles -or Worieten approximetely 1.40 millimeters, the 
value of C is in the range 0.8 to 1.1. 

The specing of 1/16 inch was found to work quite well 
at reasonéble voltages of 10-15 KV. Smaller spacings cause 
electrical breakdown at voltsges only slightly ebove the 
"cut in voltage" and thicker specers required extremely large 
volteges (25-30 KV) to give significant pressures. At the 
spacing of 1/16 inch breakdown would usually occur at 16 to 


19 KV depending upon the purity of the freon. 





Head (Centimeters freon) 


18. 
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Pressure Heed vs. 


Voltage squared 
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Figure JJ-2 
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exverimental Effects of Latersel Pumyn Dimensions 


ee em a ee ee ea 


ine preceeding development does not eccount for any 
pucccsUme sce pemacnce Upom une Leteral dimension of a pump, 
Mice Claiover oO) sehemnole 1Or the geometry as proposed 
in chapter J. As nas been stated the exect theoretical Ssolu- 
tion for this geometry has not been worked out so an experi- 
Hencolmnvestipetion wes carried out for a large range of 
hole sizes with pump length fixed at 1/16 inch. Figure JTI-3 
shows a plot of pressure vS. pump diameter et three different 
voltages for constant pump length. The freon used in these 
exveriments was doped with copper napthenate. 

For very large holes the generated pressure decreased 
Mtn inereasing diemeter. Jons are being injected only at 
Pie OUuGsice edezes of the channel and 1G woulc be expected 
miau Ge avery Lerremalemevers theapressure Gue tovdrey or 
the ions toward the collector would be small, 

The imteresting result is Shown by the Jump in pressure 
et e dismeter of ebout 1.9 millimeters. For holes smeller 
Midi Goproximately Lomm. the oressure does not cnange much 
in these eae tae, tCwmenmmractical to make holes 
Smaller tne nee poue 0.2 iienmnieormi Li bits whieh are readily 
available. 

Ties tiporventeconetusion from this investigation ts ¥tnar 
Bice Mune) clMmieonwo, i oueravivon is around 1 to 1.2 mm 
Wome lo wo eiCtenaebessyil)? yield Little increese, ingen 
SeabComoressure. 
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The explanation of this break is not certein. It is 


probably the result of en internal circuletion of the fae 
| 
| 


within the lerger diameter pump which results in lower 


vressure. Sea figure JTI-5. 


a ats 


Small Dismeter Pump 


__)0eL__ 


Large Diameter Pump 


Figure II=—5 
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Conclusions 


‘he folloving conclusions ere drewn about the static 


| 
pressure produced by pumps with the proposed geometry of 


chepter JI. 
(1) 


(2) 


the stetic pressure is reléted to the sapplied 
voltége by na (¥)" where C depvends upvon 

DUNO eImMe Wo ToNcmaman 1 COM Pur lty., lus Msouel ily 
in the range 0.8 to l.l. 

he static pressure at constant voltsege takes a 
sharp drop for pump Cismeters greater than 1.6 mm 
if pump length is hele constent st 1/16 inch 
(1.59 mm). It is epprcoximately constant for 
dGiemeters less than 1.6 mm and decreases slowly 


after the lerge drop for lerger diameters.. 
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CHAPTER ITI 
DYNAMIC PUMPING 
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DYNAMIC PUMPING 


If the ion drag device is to be used 4S & pump, tne 
fluic must move, enc the methemeticul model must take this 
moreG sty into account. In this chapter the theory of the 
leet cuepter is alterea to account for fluid motion. The 
memerouca wressure ic determined es a function of Aduic 
velocity. Then the hydrodynamics of the pump are investi- 
gated ard the models combined to give a prediction of total 
pressure vs. velocity. Measured pressure-velocity char- 
Seteristics ere presented for comparison and it is seen 
Mate tie tieoreLlcal moder temas to overestimate the un-= 


steble nature of the characteristic, 
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Cne Dimensional Dynamic Model 


The sssumptions of the mocel for dynamic conditions| 
Sceuo Mimics UOsUi@Sse™; Or sthne static mouel: charge ee 
iow ae sGi mi lNiGeiseercater than pump Cransient time; 
liguid appears as a conduction; one dimensional dependence 
Mert vo lomolimcnaree Oenoiuy, BmOwinfluence of leterel bound- 
ries, 

The modél is shown in figure I]TI-2 and the equations 
to be solved are given in (1) through (4) below. Equation 
(4) hes been eltered to account for convective transport of 


eneeee. = Cheree lijusion 1s egain neglected. 


tage, f° 
x dependence ae ie 
eee Sa 
, es a 
p+-9u ow 0 Loo) 
ee CUE is eo 
eS ere: 
a P(ebev) Pe Clea) Pipores iit 


(4 ) 
Solving equations (1) through (4) for £¢x) ana P Cx) yield 


(5) end (6) below. 


eu) = Pi +(e + tf ]-$ 
(5) 


Sat 


oe = 





Ub 
P(x) = [2% +(c..4V]* os 


| 
RomcenneCceseCMalPosoOcnciby, sclectric fleld, and fluid preg= 


sure 

= (£ 

a. # 

° — 


A cme 


¢ aaa azz 228g ay A Vv 
(7) 
Te introduce voltege, integrate equation (5) using equation (2) 


yee (Ere) |’ —— 
ee BAPE * (eet)'] - fr, +4) 5, 


3 
(The CF, ++) Verto Wise ING mOdUGCCH Mas. Darts oO meal 


nS 


Mibeerebe X= O 


RS 


erbitrery constant. ) 

Hic Volvatewada) ference -U,+Ue will te written as 
V-U*where U* represents the portion of the driving volt- 
age necessary to generate the tons and U is the total volt- 


BeeeecrOss ehe PUN. 


gee we, a [7 PB ade 
rg (+4) - (€+¥) - 2b Q 
sae >; / 





Tomselve 10 someisaure Explicitly in terms of voltage it 
4s again necéssary to make assumptions es to the value of wie 
electric fiela ( or charge density) at some point in th 
Sicitet el mmeniamter hlecxperimental results tended to sup- 
foromunemcpace charmpe Tinitea nmodel, 1.ée. the eassunption 
Piewmunemelectric ticlad 1S zero at the emitter in the static 
condition. This eEssumpticn @gain seems reasoneble if tne 
fimo lc jThowine im tne positive Cirection, i.e. in tte 
mire coion wa rvnich the wons tend to drag it. Hewever if the 
feu MovlGn Gppeses the ion airection this assumption is not 
Ceci DiCmoeMconecliveaieone fluic velocity is on the order 
aoe ume tom velocity relative to the fluid. Stuetzer's(@? 
aIoieuron Vaseunebe iG Current density must be Zero at tne 
miro eer Jor Nepetive fluid yelocity. Pickard ‘5) ince GOGuee s 
Mme sete techie imearmeetes tne valuc of the clectri cecil 
Zee member wat eIMClhuces this pareneter im the pressure 
equation. However the dependence of this parameter upon 
mute Velocity wenot. Knotn, and the assumption of Stuetzer 
Bepeenet (sme Gocellic value Of Pickard’s paremeter. 

The folloving development will make use of essumptions 
Serieber ta those oF stuetzer(2), THE YeEsSuLts ntl harer pe 
Mio wet Mime mOer lin mtal results for pressure vs. velocity, 
Ueemulelenpe, esol LMiVEeStifzetion wnich was not included im 
SUUctZ@ricmrerporbLe. In light of the experimentel results, 
MMcmecoldey Ol CliS moded Tor explaining pressure tnstagi | 


Poy le Dee VSeusscd. 
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Emitter Fiela Assumptions 


Vv 
eG Ve ao 


Prom cauetion (7) for Vs 6 ; 
mee iA GZ, ie A NV 
ee Res {Rl PS 
/ lk i ge! V ; * 
ier af /Z (4) +a 


/ Zl 
-[(% on, (*))4 @ 
(% ~ 6 
from equetion (4A) 


gue-g ctype E[EErE 
ye (3) Jezhs [23%+(2 Gna 4.4) 
— (22) (ee pee 


p= 8 (api) | (2ee)4 + et v7 0 











See as 


N 


I 


(94) 


For v=o fron na oe? (7) 


t= a (A - at fer 


(HE) FE CB 2p 
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ol 
eb E (4 CoV | 
=e - {7 —— 
= oy Ee tg) +e V5 
To obtéin a relationship between pressure &nd voltuge 


Start with equation (8) written es follows: 











for V=O fF, = 0 
a (Be + wy) yo (4)-2% 
from (7) 

ee os = HEY)’ 

u-vt , ee + ¥P- GY By 


ede + (2h +9 Gee)’ _ 2 
CP YA [Bt li ; 








(10A) 








Joos " ee? (108) 
ELSES + a4 - (eA) vee 
P, = 
EN (em (my) veg 
(11) 


im Ornemwmero Vilom- li zemrmese Fesurts, it is helpful to 
Mormelize the Variables Ges follows: 


(a) Pressure will be normelized in terms of the static 


Pressures 
~f- = WEE PP = oa € Sd 
72 #’s JS ¥ yal ' 


C az 
(b) Electric field is normalized by defining P= GE 
vhere € is the average field which would produce the static 


pacoGlre eccerdimn to the above equetion 


a 
aa e 
(c) Velocity is normalized to bé UC vie nC. On 


MONG eae Ghali oe! IUleG minder tne iniluence of the normalizing 


fe Le 


Wp ges 

aise 

be 

(Gd) Distance 18 nerméelizcd in terms of the cmitter- 


COMMmeCtor ane cing 


? 
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other normelizing factors follow 


(e) Current is normelized to the static current 


_ €8 2 
oe 
The = 


(f) Charge density is normalized to the charge density 


at the collector under static conditions 


All normalized (dimensionless) variables are written with e@ 
SHESerint FUL. 

Liemeduatmitores FOr pressure, Current density electra « 
iuclG cl GeChamee density can be normalized and are suma— 
marized es follovs: 

Normalized Variables 


2 
pressure Mn = as , f5= static ice oo ee a é (a 
#5 ae 
: a 
Gistence Xn= HY, , *,= distence from emitter to collector 


E. fiela £, = 


Cn 
Cs 
{1 


aL Ds (154) 
a 


i” 





VeETOCItY SaV5, = ae 


Vee 
Current Ceneiey 9 7 = £ eG L Ps 
cy 
Charge density (» = — E 
are x ww = R , R= a a 
/ 
Normelized Equations 
Bie a s 2 
fw = GL CF vatt svt 4 - Bynes] Vee @ 
2 2 
lb tvn- 4m Vn <o(16) 


Gwe = pe ee, Wave VnZ Oo 


Elpne vier val yVn<o (17) 


Ena {Lh pn xe gyn fA _ V7 Vn =o 
Con Xn)* — vx 


I 


C x 


{ parmrl% Vn= 0 
3) 


7 =e, (15) 


Pros li -wenroupn IIl=5 sre, graphical representasr toms 


of ecuetions (16) through (19). 
/ 
haere Til-- shows thet tne vressure inerecses to - 


GmesemoeotOupressure for leaerse positive veloc ty, amd 
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fells to zero eat Ye = ihe, Wie .eurrent Gensity shonin 
‘figure TII-3° goes to zero at v= -§6€ (which was tne ori- 
ginel boundry condition) end becomes linearly dependent! upon 
velocity for large V where convection of cherge is the | 
dominant trénsport mechéenisn. 

Electric field and cheérge density ere plotted es func- 
Mionmew Ol Garo Lem along, the channel with the fluid velocity 
Pee Serikicuctreem 6b) 15 Seen that for VY =o the charge is 
swept downstream toward the collector. This produces an 
BeGtecscOmetcoCerc, fielad an tne vicinity of tne eollector 
Since ve are operating at constant voltage, and the intezral 


of the electric field must remeéin constant. 


B7 





(normelized pressure) 


15a) 


15 


Vv 
Yh 


Figure JII-2 


Pressure vs, 
VeElLOe uy y 


(normalized ) 


/ a 3 


(normalized velocity) 
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(normalized current density) 


iS 


breure Ilt—3 


Current Density vs. Velocity 


(normalized) 


x 1 
(normelized velocity) | 
Wy 





(electric field normalized ) 
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Electric Field vs. 


V, =-667 


Xx 
ie 


Figure III-4 


(normalizea ) 
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Position 
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oe 2a 
eye 
aes 
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(normelized vosition) 
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(normalized current densit 
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/.0 


\ (normalized ) 


Figure IIT-5 


Charge Density vs. Position 
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Pressure difference observed across © pump with fluid 
flowing is due to the generated pressure used minus the 
Byerodynumiac pressure Toss.due to crestion of turbulence. 
beyond the pump. The pump cen be modeled as en crifice one 


anélyzec using momentum conservétion. 


Mo devedvoo Une pressure drop across an orifice we aessume 


thet all energy dissivstion occurs == SSS 
nN r a rc 
iiecrne repli cet Cae. sone | 


AN: 


Sma ice, 1.6. between sections l] 
and 2. Applying the momentum Figure TII-6 


equation to the dashed control volume of figure III-6. 


Fpz= (g,-pa) As? CQ(y4-v,)= 0 


Pron Conviniuty 


@ = v, A, = va Ara 


From Bernoulli's equation the head loss is 














3 eZ 
_ (Pi V, _ (Ps: V2 ; 
CS eth +e Gq t hat 2g 
Suis tay ue lie 
it ae 7 yin A (20) 
iy - (;- A 2 
Z 


Tice LOvVINC@MeGaG@es In {levine Ehrougn the criatice sc 
thet the effective erea at section c is reltted to A, by 
he = Ci 


POM Cie Dvecty wand Using cont iniury 


Lk) 





Veeco A= v2 Aa ! 





2, x A 
a= 29 V4 a2 BF) 


CA, 


erecince = V2 Aa (volume flow rate) 
a 
a GY f Az A 
H — pe, a aoa ] 
: zi Pr 2 Cane 
The velue of c is given expermentally es (8) 


Ss 
c= more a a ey 
/ 


Putting in dimensionless form similer to equation (16) 


aye CA, \2 
es oi A CLwwg 


= c 
€ ( b é} Vo _ where C = me ot)" 
Wes a 








ff 


4 pp 7 


2 
Apn= Dee pea G - (21) 
s 


The finel equetion for the pressure Ccifference across 


@ pump is the combinétion of equation (21) snd (16). The 
pressure difference of equstion (21) will always be a loss, 
wom always be & presswre drep in the direction that the 
fives Tligmimcem Eauvetion (16) coes not give a value for 
Micmac wt ce io Menne Mormitlzea Velocity 1s less chan ean 


ome Hone reom pc Toe lowine beckwards faster then tke 


2 





fons are being drépgged forward relative to the fluid. The 
essumption will be made that in tnis case the penerated — 
pressure is zero. The ions are being weshed beck into ee 
mesevoim bDenind the emitter end probably do not- ect to exert 
Much trecsune Frise Jauece forward direction. The resulting 


equation is 


ua qa he a Z 
pL (Gini e St lA- Kent ~ DMs Vn 20 


a ee 2 
Pn | £ Vy =e Cues ae ee Ve ee 


Aves | Vn<e- 


A plot cf equation (22) is shown in figure III-7. ‘The 
PO DemOt SC AeuMEcostTec-Velocity Curve 15 positive St V2 0. 
This was the basis for Stuetzer's\3) ice Ga Cz WO Wee tease cient ine ces 
In the model which he proposed the pressure wes not modeled 
for values less then Vy <-3. If the seme equation as (22) 


‘™20418 extended to the region Vn<-s, ENG Dressel 


fox $e 
(eC ceCroescolagter Liam Phe Orifice tressure loss increases, 
end the pump weuld not recover from the negative velocity. 
Tt is recessery that tre pressure-velocity cnarecteristic 
reverse slope in the negative velocity region, es well as 


Piewmocauiye Teelon, to heve & pressure oscilletion cof 


cont ined empl itude. 
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Meesured Pumnmo Cheracteristic 





Exverimentsll: 





Mac er perinentally measured pressure—-velocity ae 
Po Cartoon Omi wie Ure foe Tints 1s tor the pump whose 
Pe gicumnca tl pabaterelGaworemiscd im developing the theoreti-— 
ee leCurve ©2siipure Dil-7. 

ie oecCedetC ha Cerne mOUEm LN V5 = O° 15 DOSitive indi- 
Seapine tasbvobllity. 9§(he measurements were mace using on 
experimental setup as shown schematically in figure III-8. 
Tne flow rete was edjusted by changing the valve setting 
anc Simultaneous measurements of flow rate and pressure 
difference across the pumn were made. Since tne flow was 
owen eovubie Melee Of Mine Fesevorr. the pump could be 
reversed in the enclosure end similar measurements taxen 
Peep Mes pave Velocityarclavive lo the norma), pumping 
Girecvions. f Dc lunemel Nene xvcrumenudl, SelLuD 1s Shown 
im si cure ii t=9. 

The measured cheracteristic does show the positive 
IOMebaue y= OG Vitel ts Necessary Wier a condition of unste= 
ble pressure, ‘The vump for which these measurements were 
ite wo sen otc Om En imCommAcCue(miirecotly CO G Muneleter. Toe 
MeceUrcCmeNananeveriGULe sriccunoar Yy— 0 15 Less than tnat 


predicted by equétion (22) as is the decrease in pressure 


MIOUCmEy Oy 


4? 





Figure I{TI-7 
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© L8 Total Pressure VS. 
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Figure IJJ-9 
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Dynemic pumping experimental setun. 


Figure JII-10 
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Conclusions 


(he, forms Gi -tne Measured pump characteristic tends ito 
MipoOortmene sie ude mL cal model used to develop the theoreti- 
Gal eherecterisuic. The discrepancy in megnitudes of the 
Moos jusbe vO bChow Leib cand right of V= 6 cen probably be 
traced to the inadequacy of the boundry condition applied 
weune ECMivtter. 

MeaiemMeamederwcOld tiem G1 Zerov,clectric field tends) to 
le SUDDOrted by the evidence oresernted in chapter II, this 
assumption does not Sppeer to hold wnen the fluid has a 
ICs Veaoweceuer solgam zergew if the field at the emituer 
PooememmenezerO, tee. the charge density at the emitter is 
less than infinite, the generated oressure would fall as 
shown by Pickord(5), he generated pressure viould not rise 
rola value a times the generated pressure at zero velocity, 
end a smaller pressure rise than predicted by equation (22) 
for weamctLl. DOSItIVS Velocity would be eExnibitedy 

POGgni Ou fomVc OC LU EhUmis occ eo .enIneO. Eiciter, me 
Smvcce, clectrie sicld as iusts ttself such thet no current 
towcomnecrciMiuuCcr AML de MezevIve wa lrection, 1.6. tnat) the 
Peace mor ano bae Micrel ty Ou mine ienit ber continues to 
Died UDO prOduGe aca tecliren eilltter field, .jJi im fact 
Bice eece Cn ocereuwd IOne Chit ekr 1S riot this lurse, tne 
Boeeheurcd Pluie Dressure would cecrenuse to Zero Sooncr chen 


Pp eatnChec by Bulow LMenmatreGo MOoUuclL Gna the pressurs Gip tor 
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= 





Voge molto nei cee elian zero would be less**than predicted 
by egquetion (22). 

Mhere 1S me way tO predict how the emitter boundry 
cond Gion shomec change wich velccity. “# dependence of 
SiuEei NCIC Cur Gm sela could be Geduced ty working backwards 
imeem O©uservea Characveristic, however, this would be «4 
MSeecular areument ena voule aad mo eacaiticnal understanding 
Lomene problen. 

Murine recvraGence ©! Une Valvailty, if not the exact 
magnitude cf the theoretical characteristic is shown by the 
Seservea pressure instability. The tneoretical implications 
end experimental observétions relative to this problem «are 


Presented in chapter IV; 


ile 








Cre Ionia v 
Poo UR eevee bat Y 


52 





Paes sto ne LeOLlAty 


The discrevancies between meéoesured pressure velocity 


© 


Seericherisercs end ~vhose predicted by the theory of chapter 
ie are Giscuse<eq in relation to the observed gnc predicted 
motion of a pump-mencemeter experiment. Deficiencies in the 
model ere suggested that may account for these discrepancies, 


and areas of impvrovement are suggested. 





Pump-Manometer Instabilty 


If @ pump with tne pressure-velocity chérecteristic of 
equation (22) chapter III is connected to a manometer 4 
Pee Mace Occur OMeeiOulGerTecsulG. «lt the manometer and 
connecting ducts are must larger than the pump opening, it 
can be assumed that all hydroaynamic ee cenur Sane 
pump orifice and have already been included in equetion (22). 
Wie voit ference One evel oy Che f1luico in the menometers is 4 
end will héve & static value dependent upon voltage and the 
Mumo diemeter as presented in chavter II. The differential 


fPa@ueroms CeScribing the motion of the fluid in the manome— 


bens are 
™ dy 
—f. —-=-Cji +l’ 
d 
peel 
dt 
where 7 p iSeone Mese col tier fluic Gusthe manometer, Al is 


Peewe FOnwGmoC Ch Gal ere OF —bihe. Mamemeve r. and “4s the 
Preseure 4S eiven by eduetion (22) in normalized form, The 
elite 07 f See function Gynec CCU tarousn the pump Vip 
Vile na 1S ree Led to the Vo OC MEVmGtean nc mii nome cer f 1u1¢ 


Meyer ys) bY 


(pe 
K p 


Memo la lic Digan ure p (vp=0) Walt Balance i) static end 


the eéaquétion cen be written &s a variation ebout Gy yar eG 
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_ 
“ = = - E9(49)t Ax (Yip) 


hay) _ . (1) 
LT a: 


If equation (1) is divided through by the velocity it 


cen be written in the form : 
dv A 
ay = se (-e99" P. Pn lp) ) 
TS Sa a as (2) 


where Pp. is given by equation (22) of chepter III. ‘The 
function Pa (“p) satisfies the requirements for the exist- 
ance of a limit cycle és the solution to eauation (2), end 
ios SOlution can be determined by tne use of G& grephical 


meCini Cue OF Iienard (6), 


Exveriment 


pa EP 


PS Pune MeMme Ver ex perivicnt aa Shown Inmetiegure IV—1 
(eaGin Cone CAMenNsions giver in teole lL was conductca. Using 


this deta, equation (2) becomes 





dv = 7205 Po ae Be, 
Zia , 5 (3) 


cm 
where Vv is in Yee Snowe Macnee Chea stact Crist ic 
63.5 on is nlotted in figure IV-2 using equation (72) of 
tomer Tl Viceouwe oifects snd oLrner hydrodynemic resist-— 


Meese CGemioui BO Ce meplipible compared to the pump 


oD 





Ori tee Loess. ouperimposed upon the chrracteristic is & plot 
Cine Praonicelily determined limit cycle. 

the amplitude of the oscillation predictec by this cycle 
4s epproximately 14 cm with a period of 12.5 seconds. 

POLO MOleemenone OCETIO0 Ofetne MOtian actually ob- 
pemveamieeciven in tipure TV¥-3. The oscillation emplitude 
is approximately 3 cm with a@ veriod of 4.6 seconds. 

iene inci ie Nia UM setaraevets SuMG@me)VCn ii Chapter 
TIT figure JTI-8 waés measured for the same pump sometime 
ber une MObLLOnN Of Tipure IV—3 ned been recorded. #lect= 
rical breakdown in the BUNpeMaG py Chis Time desraqded Avs 
performance somewhat. In figure IV-4 the measured cnaract- 
Gimctae 1S ylLOuteOsema Grae Sane limit cycle techniques 
Pomeenca CO GekLernine the Motton. The precictea amolitudce 
by this grephical construction js 1.5 em. The observed 
cellar al tne CIMe tne Cherecteristuic was Measured ned 


wim. oude Cl Epproximately L.2 cm, 
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Pump-ménometer oscillation experiment. 


Ee UGeesny =) 


Pump Diameter 79 mn 
Manometer Area .18 omé 
Fluid Mess | ~O4 ke 
Static Head | 7.60 cm 
Electrode spacing lee awl 
Mobility eae 


Pump—-manometer adimensions 


fe Dies. 
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Freure 1V=3 
Cscillation emplitude vs. 


Time (experimental) 
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Figure IV-4 
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Conclusions 


The pressure oscillation amplitudes calculated on the 
pases Ol eUne imo usiired pulp characteristic ere very nesrly 
equal tO the ObStrved anplitudes, ‘nies indicetes that the 
mechénism céusing the instéebility is increese in generated 
MEessSUre 10r DOSILIvVe Velocity ss pected by We me eioge 
of chavter TIT end given in equation (22) of chapter III. 
The introduction of an additional load in the menometer 
system by clamping one of the tubes to a very small cross 
weer On Caused the oscillation to stop and the pressure to 
essume & steady value. ithe effect is to introduce viscous 
loading which eventually causes the characteristic to assume 
peeicreulVe SiGpe 28 Verecity aquals zero, i.e. 6 stable. 
Sonda tion. 

tuemeceOCe Ne cUereCucascartieor Injinie investisaticon thay 
Miesmecenanism Ol the Instebllity wes a bulk inBtability in 
Pies iti Vice nece Ol Suche bulk instability in the form 
Greta nses Wm Current at Critical voltaecs is piven in 
Wes vcr eves, [ne OnNSeL Of THIS epparent bulk instebility is 
et a voltege below the operating point et which the pressure 
eecillatvions were observedsy 

| 

Pie Or1Se@repancics Im amp! ituce @1 Ghe oscillations trom 
Greco Dy theory are tne reguit of the smaller humps 
Pieter Mme UMD mencateaCtTeraGure. (he comments In tne 


CorGuustOmeeece.lon Of eGhenter IV apply here again. 
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CHAPTER V 


Cav were ME esis ecu 
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Chegece tarercle Motion within The Fluid 


The experimentslly determined curves of current Vs. 
voltage squered shows a very dcefinite break in slope. This 
Suggests thet et this noint there is & change in the me- 
Gi nirom @f Cherse Cransport or a change in the number of 
@eerced perv iches belire produced. The possibility of the 
onset of an instability in the bulk is investigated by look- 
Pie mvemr at Omo. ClleCtlri cc forces incuced by Ene irotion 
to viscous dissipating forces (electric Hartmann number) 
Wieremune break 1s observed. 

Figure V-1 shows a plot of current (microampers) and 
Maticeprescoure Nead vs, voltage Squared. The current 
feeeos bo be proporvional to voltage scuared in tio regions 
feenee NICH Lareer slope in the region Vaio (kv), Ne 
Preasurewetso Nas &@ Slight break in slepe at approximsotely 
tie Gene ~TCi mt, 

Pe DOSsitte Crplanaviom tor tris breex is the onset of se 
somal hy ile toe wl Lite woceurin=s at the voltage 
Were weNCmbeCqiG @CCUms, TUNOMCriCerlom tor tre onset of such 
bulk ime hey TS Pace relavive moepeituces of viscous 
oc ee CEG tie he Neem neleetricel forces induced 


Dewrrcure @f tne TluicGc moulons. 
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Head (cm. freon) 


Pressure 


Figure V-1l 







Chrrenu. Frressure VS, 


VoOlice 26 =oaguared 


pressure 


current 


(microamp. ) 


Currene 


eee | enter eee aie Ra ee OE ee ME ED ee LON oe a ee ae eM a a 
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From equetion (22) chapter III (with normalizing veri- 
bles reinserted) 

ap ees [22 | 

dv ab é | 

Vie 

where (20. PoMeMew Ciel aclerrstie electric field. 

“Ee. 

Tf we assume a Poiseéuille distribution of velocity with- 
MmeeicecyVelmmaivec | Ghonnel the preSSure @rop across the 


chemmel is 





Ap Rp? Lo v 
Aap _ fe 
dv - Rp" “e 


Por instebility the pressure rise aque to elect. forces must 


incresse faster tnonan the viscous Gissipetion rete. 





Cope ye 
p (1) 


From cquetion (9) chepter II the véelue ot ps is daderivea 


by meesuring the slope of the # vs. (/* curve. 

aa U 

ac 2€ x 
For the experiment shorn in figure V-l1 the value of C 1s 0.78 
end [Ps 7.85x%10°, For this expert oS R p= Lp — LGewyelie 
Ceo awa veltincGuiny SmI veneously measuring current “ne 


pressure vs. voltage squared, 
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aaa: coe 
° #¢ (4) ! 
Te ee ALYY | 


comune Oreceim the faret Couation, using this velue in 
3 oN ; = - aia 

tae wsccona ccouation and solvime for b a value of ee eae 

results. (The velue given by Stuetzer for freon 113 was 


7xX/o-’.) Using the value f=,30¢X/o77 and «w=.7 xX 1073 


t (7: Ry 


Cae ae 
Sal glee [*#s MewhescecMvereQwolecuric J Yel Une €xpress— 
e 








= 14] 


fomecon the leit of inequality {1} hes the form a On em: 
eleccuric Harumann number. ochneider ond Wetson'9 ) nave 
On ieuiat Ne ri vice mevalue won “EhisGueparamever for 2 planer 
geometry ves 99.5 POG UNemeNsSe For Ce buEkK JnNStapllLuy. The 
weue Of Gl for this experiment 25 the same order of megni- 
Miiemeam sSubscCCUent CxDerIments have Shov.n thet in fact the 
Cry tec VOltarS {Tor the break in the current-voltage squared 
aes EG practuce lly inderendent of pPuUmoO ens th and trarsvVerse 
Smensions @S woula be implied by the form i . 

Por the oscillatirg menometer experiment acescribed in 
chapter JV the voltage was above the volue at ihich this 
CwnemuMOreain CVGENCe "On DUNK Tincte bility occurs. It is 
PEG elite une Dunn T1UVG Msenearly always in the turbu= 


emcee Cone =t1OMeproauced by. 2 bulk instability, und that this 
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type of instability is not the mechanism causing the pres- 


Sure oscillations. 





66 








CHAPTER VI 
WICK DESIGN 
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Desienerearamneters 


Pie OMieGewiverG) sinveSbapeation of the proposed ton drag 
mum PconevlryeweasstO develop enough information about their 
performance that an electrohydrodynamic wick could be design- 
ed using arrays of these pumps. In order to produce an cper- 
able wick the design perameter which must be supplied are 

(1) Electrode thickness 

(2) Electrode spacer thickness 

(3) Pump hole diameter 

(4) Pump spacing within an array 

(5) Spacing of the errays relative to eech other 

Bs Staved previously, the thickness of electrades has 
little effect upon pump performance. For most experimental 
uetes brass with Cnderness .0cl inches wes usec. The more 
Mipowicean. Ii NemMmee Upon periarmance 1s the size of burr pro= 
euieca in criiling which aepencs upon electrode hardness, bit 
Pihoge oc Anas raueusOona lb speed ©f thewdril), «A burr woicn 
protrudes spproximstcly .2mm from the electrode surface seems 
to work well. 

PiCurecc ODO Cle TOl OStee peri mGMts WaS aChiCved wiv 
1/16 inch plexigloss between the electrodes. This spacing 
Woacwround to be best with readiiyw available stock plcxigilass 
mc elles he cll Of CworGonciGerations: 

(a) Smallcr spaces such as 1/32 inch plexiglass often 


resulted in clectrice] breakdown at very low vol- 





tages. This probably hecéuse the spacing is becom- 
ange aimoest es small as the burr projection, Since 
the burr varies from oné pump to anotrner the pro- 
Bebo eave tnatee  MOrLlOnre) =the burr may extend 
HOROcesm bien sDeecr wal S@le pointers high and bresak-— 
down is quite likely; 

(pb) Lerger spaces such os 1/8 inch require that the 
voltage be doubled to produce the same generated 
pressure in the pump. Volteges result (25-30KV) 
whien mey ceuse breakdown outside the pump, and 

. 
were not as easily produced because of available 
porer supplies. 

Pumpenels GQlaneter™selection Should be the result of a 
breceotf between higher senerated pressures for smeller die-— 
meter pumvos, anc lover hydrodynamic losses in the pump it- 
Pewee ror lareer diameter noles.) However the experimental 
investigation of senereted stutic pressurs vs. hole digmeter 
paecocemred =e Change Jil clearly indicates thet the optimum 
mecilove@imererathion iserith diameter just btelow 1.6m. This 
Mistres cho Uae nun Tilt operate Vite the hiphner generated 
pressures just above the breek in the curve. 

eyecinewe Noles viltwin Gn erray saould be as cloSe «s 
ReoGciple te Gceliver the maximum flow rate with tre smallest 
TIGne oe 6 reales hydroccynamnic losses as much as vossibley, 
The effect erenm seen outside the orifice (aree é. in eQuet sai 


20 chapter TII) becomes less if the pumps ere pleced closer 
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pon wien semen Memord fice 1Osses sre consequently less. Tne 
iae@oreen Coiedetermined how close together the pumps could 
be place@ tes drill aecurecy which required that the center 
to center spacing be about two diameters. Closer specs 
might result in cracks in the material betrieen the holes 
ioiemanlore atCeCuralec Os ttuloning Of =the Grills were EMD lO y es. 
No larger effect upon generated pressure was observed with 
Spacines whiten veried from ¢ diameters to 20 dia@mcters. 
Svoacing of pump e@rreys relative to one anotner is de- 
bendent unon the pressure head «hich is maintained at the 
frow rate at which the erray Fon eperavcGue) NO emmepel aun on 
ie 1S only necessary PcG stare iene Cie seats Verba ecol Ly 
memourh thewmext Stage abeve iti The usual cbjcetive of 
CxMerimMents was to @oerate et a flow. rete suehn thet aporox- 
Mitel y 1.5 Centimeters need wes ceveloped. Specing of arrays 
approximately one centimeter epart insured tnet each array 
holm De Gbic Ce Celiver the Giluid® tO Tne next stage. Very 
close spacing vill result in some backwards drég of ions 
Pome prcesure Loss betveen steppes. This effect 1s minimum 
bpeeaMce O1 pUNeC OneM Fesenvolrs bevveen arrays, The ions 
aa eNOG Gira hecG LO PVG Manta Cror Cllect Gs they are. in 
the pumps. If a specing of at least ¢ inch is maintained 


beuecem criays. tie pressure loss Fs negzgliscible. 
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An Exverimentel wick 


A wick of 3 arrays WK& 


Ss cecnstructed as shown scheméeti- 
| 


cally in figure VI-1. Pictures of the arrays and the - 


assembled wick ere in figure VI-2. 


The wick dimensions were as follows: 


Number errays 5 
Number of “noles per array 2S 

Hole diameter 1.40. mn, 
Center to center hole spacing Se Tale 
Array electrode spacing ie iorele 
PVeCcomOGem tal e.g@iecs e021 neR 
Boa Ccl Mea Detween Uurrays Bo eM 


The spacing between arrays 3.5 ccntimeters to per- 


Mir Ouse rVautOneotet oe j1oWw and Dossible electrical break-— 


Sev 17 it toon place in a 


NOt Une DUMPS. eA Spacers Of 1 


feamuiie ler wOoula Novem been more tose adequate to isolete the 


electroces of sdjacent arrays. 


Perfarmence 


Vile  o1eeeins. Veo ue © 
Banenale CkmtwO VOlLARES, 
eressure developed was 5.9 
valve ocpvencd sucn thet the 


pressure was 4.5 cin head. 


Wilewil sii recailime On he 


ote eS oem ADCO Wit copper 
MUNLO Kitevolts the static 
Coliuwiere co une@ad. sith the Load 
POU gem Geis. ¢ J, om? /sec, Ciuc 
wie hrOrmerele Of 2... em/sec was 


flow meter used; however cy de- 


Ve 





ss 





ee eee em lO gemma DPrescure Gcross the load larger flow 


rates were possible. At 12.5 kilovolts the pressure at zero 


flow rete wes 24.6 centimeters and the pressure at 2.1 | 


om?/sec flow rate was 22?.8cm., 


| 


eve luat lon 


beac Upomeuie a boOvVeswICK CxXporimenvealong with scveral 


Meer Sin lon experiments ene foltowine conclusions are 


drawn: 


ae 


ESL 2O Neon re seeam De aculeved by bUuLICing wick 
Eriavsee toda ieany Noles im peraliel. 

suet: - SeeavuRe eee haved ChOscGr tle, abreys 15 Nore 
Cie Siti Ue MemumvOoera ’serunc fluid to the next 
Gia moe ON Cami MOU Mm Oto lane laces 1 Seri cs 
hycrocynemically (and in parallel elertricslly) 
Comuwabest. UNo lw! PII POcalysarbi trary helene. 
Pumps have been onerated for several hours with- 
OURO UrCe em cm ClOrabwomdeas CNG VOLTO2E Leen 
low enough to prevent electrical breakdown. 

Ti weuno COM Mluiras Pete mroposoee ii Chapter I is 
CxEreiiel so elem pOmmebIme ise .me SoLisfauctory pump 
Pieeaws —COMmwOCmOCOCMCe Om baOuG SOCe lial Care: and 


with @ vuriety of materials, 


ie 





} 


| 
manometer 


valve 


1 lew 
meter 





Three array wick experiment 


Figure Viel 
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Recommendstions For Further Investigation 


iiprovement Ot the wStatilec mathemeticsl model might be 
Mevesvifabed by trying te determine the field pattern or a 
bomrer pileture Oo: the cheree particle trajectories in the 
mum. Unis iene be done using an optical technicque al- 
mae thie Size of the pumps makes this difficult. <A set of 
current measurements at different pump diameters at constant 
mmm Leng@tun erd volvage might reveal more about tne possibil— 
Peon om INeerial et IAC Cy reuletionsim lores dianever pumps 
as suggested in chapter ITI. 

More éccurateé-velocity measurements at verv small 
velocity (both positive and negetive) should be made and a 
meloalri son ol Notion predicted bY this eharacteristic to 
Bee racd MOLlom SnoulG be made. Further study of corona 
cure i Movin Tiquics Mighvl ingicate = possible refine-— 
Heer Ene Cimivuter fiero assumption Se iimee vies Le i C= 
Pvc neen wim OUGEIVeEG Cymer inecntal Onaracteristic. 

Ves sla ce era iot Crete Omer sG@oulda be testcd 
further in the provesed pumps. Some experiments by the 
eubnes Stiomwma that the pumps worked using trensiorner oil, 
but exytensive cxorriments vere not carried out because of 


ee eee tear IN Ene ap patrabus for further freon 
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ceece icv cmer tet Usimz agit. the wossibility of using these 
Diino thay Su@ cClrenlate oll in transformers provides 


motivetion for such investigstors. | 
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APPENDIX I 


FABRICATICN TECHNIQUE 
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Febricétion Techniaue 


Pic mwOooeueve OleGcovelooing a Simple geometry vinich is 
ool lyetoormeated Is iultitled by tne geometry proposed in 
Sie 1. leomimisure Chey the technique used in fabricating 
mac SUMS UScCG ai Caperiments renvorted in this thesis mey be 
MeEOrCeiGea Oy sOUNEr InVeStieators or used im constructing 
Paes OCD OlMlCoiG ton, Lhe precedure used is described here. 

Thieme@COr simi Gmmoli;CClUS Dertieriance Ol Ener oumpmiost 
Poerecmcee Os Tne burr nici we preauced in the drillin: 
Beocess. LMiS Gepends upon tne nardness of the etal plate 
electrodes used, the snaroness of the crill bits, and the 
H@ireGloMal Sheed ©f The arial. Thickness of tne Metut plates 
Ti ewer neve Oly Very Sl henG ChicecG, Joalietactens™  DuUnDS 
Bm CeomerOoucca ty bine cevel< | “Olilerent brass clecurodes .. nd 
Mini aen alunitwimne ss [ne tCiabekness of 9Ume Insult elect 
Rode ehemaltncs Cae wMaenitucae of the electric {eG e 1a 
ar Ol temeneOmrietorOre: EMG OreSssure perncrateu. = 20er— 
Mice ween Many CxpeCriments sShevied that & Spacer less than 
1/16 inch thick tended to arc et low volteges in many pumps 
beceuse of the trresulérities of burrs produceé. Hence 1/16 
mich insuleting epxaccrs were auopted for almost cll SU ue ae 
Expect Me mba. sUSe Os EHiS Tniemmess orocucia Satistactory 
pumos,. For a spacer thickness of 1/16 inch & burr height of 
LOMGOtiwiebe ly Ose Mi, was Pound GO Work well. This mey be 
Cee ocemen milo cOCUL in Vile sine Orr the burr on tue electrode 


from which the bit emerves. The burr produced betr.een the 
& 


(7 





Pla omcmeoby TOuGly Lne ome which 1s desired but inspection 
Gimmmacwotner one will pive indication of size. A very large 
Dee roecUcCeo byee GUL] Bit Wey cause the metal electrodes 
to be too close together inside the hole and produce pileeb= 
mecai DreakGovm at low voltsge. aA very small burr will not 
Droauce charge as well and pumping is limited. However it 
shoulc Pores Sere amuleUumodb ie 1 2Chorve pel. CO rmnenocmeall, De 
echieved without en optimum size burr. 

Bleetrede plates were sS-cured to the insulating Spacer 
Ber ore holes were drilledtyeesAttempts to arill tne holes 
Separately in the electrodes and spacer with allignment 
Pee iMwcr Ove rec oclLagm GSucCCeSS;ul end requiren considcraoly 
Hermemci tore thom scecurine the cLectroces first. — Vane pletcs 
and plexiglass spacers were roughened with si.ndpaper and 
PiopeCwmianwiuune scleecurodcaswere £iled USineweney.. Lypleal: 
momes “ith Single noles {for Stetic pressure Cxperliments are 
shown in figure II-4 along sith the enclosure in vuhicn they 
Meer scecan CTOmcoMvaime tne Llvie {es lecrrice! Contact tia 
NaGervi tn bie OlebCS DY Spring cli ctrodes in iemenle. Oollne 
Boreimc Comer nCClrd tO en exterial ign yoloape novwer Supplys 
The insulating spucer in the pump sancgwiches was extended 
epproximately = inch outsicée tne metal electrodes on all 
Sroes US Drovent <rcing @utbside the pumo. wick errays with 
io Pune Satu i there Via? alone with tne Similar 


er Octre mmr mie tuey were tested. 
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